Abstract YF476 differs from the proton pump inhibitor (PPI) esomeprazole in mode of action by antagonizing the type 2 receptor of cholecystokinin/gastrin (CCK-2R). YF476 protection against diclofenac-induced gastric ulcers was compared to esomeprazole and correlated with plasma levels of hormones related to gastric pH (gastrin, ghrelin, and somatostatin), gastric gene expression of these hormones, their receptors, and inducible nitric oxide synthase (iNOS). YF476 or esomeprazole pretreatments were followed by diclofenac. Four hours later, gastric tissue was excised and analyzed for ulcer index. An intragastrically implanted Bravo capsule measured pH for 5 days during YF476 plus pentagastrin treatment. Changes in gene expression were assayed for gastrin, ghrelin, and somatostatin; their receptors; and iNOS. YF476 acutely (within 4 h) protected against diclofenacinduced gastric ulcers equivalent to esomeprazole. Gastric pH recorded during 5 days in the presence of pentagastrin was 1.83 (±0.06). YF476 raised pH to 3.67 (±0.09) and plasma ghrelin, gastrin, and somatostatin increased. YF476 increased gene expression of somatostatin receptor and gastrin, while ghrelin receptor decreased; transcripts coding ghrelin, somatostatin, and CCK-2R remained unchanged. In the presence of diclofenac, esomeprazole increased expression of all these transcripts and that of iNOS, while YF476 yielded only decreased CCK-2R and increased iNOS transcripts. YF476 is a potential new preventative treatment for patients at risk of nonsteroidal antiinflammatory drug (NSAID)-induced ulceration. Gastric gene expressions of ghrelin, gastrin, and somatostatin and their receptors differ between esomeprazole and YF476. Despite these differences and different modes of action to raise gastric pH, both drugs acutely increase iNOS, suggesting iNOS expression parallels pH. 
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Introduction
Nonsteroidal antiinflammatory drugs (NSAIDs) have the unwanted property of inducing gastric lesions that progress to gastric ulcers. Histamine H 2 receptor antagonists (H2RAs) and proton pump inhibitors (PPIs) prevent this (Leontiadis et al. 2007 ). However, chronic suppression of acid secretion by H2RAs or PPIs causes hypergastrinemia. In the case of H2RAs, hypergastrinemia is associated with acid suppression tolerance (Wilder-Smith et al. 1990 ). PPIs such as esomeprazole are currently the preferred treatment for acid-related conditions (Frazzoni et al. 2006) . In some cases, rebound hyperacidity and dyspepsia occur after withdrawal of prolonged treatment with H2RAs (Nwokolo et al. 1991) or PPIs (Reimer et al. 2009 ). Consequently, even PPIs effectively promote the conditions they are intended to treat (McColl and Gillen 2009) . New drugs that escape acid suppression tolerance and rebound hyperacidity while still protecting against NSAID-induced gastric ulcers are desired. YF476 is an orally active, selective antagonist of the gastrin receptor CCK-2R (Semple et al. 1997) . YF476 is more potent than H2RA or PPI at inhibiting gastric acid secretion in the rat and dog (Takinami et al. 1997; Takemoto et al. 1998) . As with H2RAs and PPIs, acid suppression by YF476 results in hypergastrinemia (Ding et al. 1997; Chen et al. 2000) . In the rat, this does not progress to tolerance to gastric acid inhibition or rebound hyperacidity after stopping YF476 (Kitano et al. 2000; Chen et al. 2000) . Two characteristic advantages of gastrin antagonists are that they prevent (1) PPI-induced enterochromaffinlike (ECL) cell hyperplasia and (2) rebound hyperacidity (Nishida et al. 1995) . Thus, YF476 has advantages over H2RAs and PPIs for treatment of acid-related conditions (Tari et al. 1997; Cui and Waldum 2007) .
In healthy human volunteers, single doses of YF476 cause dose-dependent increases in basal and foodstimulated gastric pH (Boyce et al. 2000 (Boyce et al. , 2012 . Consistent with this, single doses of YF476 cause dose-dependent inhibition of pentagastrin stimulated titratable acid in gastric aspirate, and this activity is not lost after repeated doses of YF476 (Boyce et al. 2004) . Recent studies in rats further demonstrated continued acid inhibition over time (Barrett et al. 2012) . Thus, YF476 causes prolonged blockade of CCK-2R in rats and humans under more hyperacidic conditions, but it is not currently known how YF476 affects the various hormones/pathways regulating gastric pH.
Targeted gene disruption experiments in mice have demonstrated at least three pathways controlling acid secretion (Chen et al. 2005) : the gastrin-histamine pathway, the CCK-somatostatin pathway, and a neural pathway. Somatostatin inhibits gastric acid secretion (Kapuscinski and Shulkes 1995; Schubert 2008) , ghrelin (neural pathway) stimulates it, and these have been described as being mediated via both the vagus nerve and histamine (Yakabi et al. 2006 (Yakabi et al. , 2008 Schubert 2008) . Crosstalk between the three pathways, therefore, seems plausible. Similar to somatostatin, ghrelin has also been shown to decrease pentagastrin-stimulated acid secretion (Levin et al. 2005) . It was, therefore, essential in this study to investigate how YF476 influences gastrin, somatostatin, and ghrelin. It was further reasoned that receptor signaling could also be altered through changes in receptor expression.
The primary aims of this study were, therefore, to compare the effect of YF476 with the PPI esomeprazole on NSAIDinduced gastric ulceration in rats and to investigate the effect of YF476 on pentagastrin-stimulated gastric pH. Other aims were to assess the effect of YF476 on circulating levels of the pH regulatory peptides gastrin, ghrelin, and somatostatin, and gene expression of these hormones and their receptors in the gastric mucosa. Finally, YF476 was studied in relation to inflammation during acute diclofenac cotreatment and after 5 days of chronic YF476 treatment. NOS2 mRNA expression for the gene encoding inducible nitric oxide synthase (iNOS) was used as marker.
Material and methods

Animals
Male Sprague-Dawley rats (300-350 g, Scanbur BK AB, Sollentuna, Sweden) were acclimated in wire meshed cages at 24°C with constant humidity and 12 h light-dark cycles for at least 7 days before experiments. They were fed ad libitum with commercial rat chow (LABFOR, Lactamin A Bravo capsule (electronic pH sensor encapsulated in polyvinyl chloride plastic, 25×5×5 mm; SynMed Medicinteknik AB, Spånga, Sweden) was surgically implanted inside the stomach, as previously described (Rudholm et al. 2008) . A midline incision was made, creating an opening in the proximal greater curvature, and gastric contents were evacuated. The capsule was sutured to the stomach mucosa with the pH sensor pointing distally. An indwelling silastic catheter (Dow Corning, Midland, MI, USA) pretreated with heparin was inserted into the external jugular vein for administration of saline and pentagastrin, and blood sampling. Finally, a small flange catheter (Dow Corning) was anchored in the fundus of the stomach near the lesser curvature. The catheters were tunneled at the back of the animal's neck and the opening soldered. Chemicals YF476 was supplied by Trio Medicines Ltd., London, UK. Esomeprazole (Nexium) was from AstraZeneca (Södertälje, Sweden). Pentagastrin was obtained from Cambridge Laboratories (Wallsend, UK). Diclofenac (Voltaren) was from Novartis (Basel, Switzerland). Saline solution (NaCl 9 gL −1 ) was from Fresenius Kabi (Halden, Norway). Other chemicals were from Sigma-Aldrich Sweden AB (Stockholm, Sweden).
NSAID-induced gastric ulcers
In total, 32 rats were deprived of food but had free access to water 18-20 h before the start of experiments. They were separated into four groups of eight rats (n08) and given a single pretreatment of saline (vehicle), esomeprazole (100 mgkg −1 ), or YF476 (100 mgkg −1 ). This dosage was chosen to ensure that hypergastrinemia was achieved similarly by both drugs (Takeuchi et al. 2003 and Martinsen et al. 2003) . After 1 h, diclofenac was administered (30 mgkg
), except for one saline pretreatment group that received a second dose of saline instead of diclofenac (negative control). All administrations were by gavage. Four hours later, rats were sedated with CO 2 and euthanized by cervical dislocation. Stomachs were excised, washed in phosphate buffered saline, and photographed. Ulcer index was quantified according to Jansson et al. (2007) and is expressed in millimeters, reflecting total length of gastric lesions per stomach, judged by three researchers blinded to the treatments. Tissue was then processed for quantitative polymerase chain reaction (qPCR) measurement of mRNA. In two cases, mRNA was excluded because of poor mRNA content, resulting in n06 for related data.
Intragastric pH, gastric regulatory peptides, and gene expression Experiments were performed in conscious rats (n08) 2 days after surgically implanting the Bravo capsule, one experiment in each rat. The animals gained weight (mean 8.0± 1.2 g), exhibiting normal behavior and feeding. There were no postmortem mucosal lesions, pyloric obstructions, or gastric distensions. Bolus doses of YF476 were administered at 100 mgkg −1 through a gastric catheter twice daily (8 am and 5 pm) for a total of 5 days. At the same time, pentagastrin (90 pmol kg −1 min −1 ) was continuously administered intravenously (IV) on all 5 days. The pH recorded by the Bravo capsule was transmitted with 6 Hz sampling frequency to a receiver outside the cage. Recordings were made continuously over a total of 120 h (i.e., 5 days), with exception of two short, obligatory intermissions every 48 h to download data and replace batteries. From these eight rats per group, two rats per group were excluded due to poor mRNA content. Plasma from associated rats was also excluded from peptide measurements, resulting in n06 for the two experiments. Plasma peptide measurements are therefore matched to gene expressions in the same animals. Samples of 200 μL blood were drawn 1.5 h after the morning administration of YF476 on the fifth (last) day, centrifuged at 2,500 RCF, 10 min, 4°C, and~100 μL of plasma collected and stored at −20°C for assays of regulatory peptides. Assays used competitive enzyme-linked immunosorbent assay kits from Phoenix Pharmaceuticals, Burlingame, CA, USA. Samples were measured in duplicate. CV values were 5-7 %, n06 rats. Ghrelin (total) was measured using rat EK-031-31. Gastrin was measured using a human gastrin I kit (EK-027-04) that cross-reacts with rat gastrin. Somatostatin was measured using a rat kit (EK-060-03), which cross-reacts 100 % with somatostatin-25 and somatostatin-28 and [des-Ala 1 ]-somatostatin, but not prosomatostatin. Matched gastric tissue samples were processed for corresponding mRNA and NOS2 gene expression as described below.
Quantitative polymerase chain reaction At the end of the above experiments involving pH or diclofenac, animals were sedated with CO 2 and euthanized by cervical dislocation. Tissue segments (20-30 mg) from the corpus of the stomach were collected from six animals in each group, quickly placed in RNA-stabilizing reagent (RNAlater, Qiagen, Hilden, Germany), stored at 4°C for 24 h, and stored at −20°C until analysis by qPCR. For RNA extraction, tissue samples were placed in RTL cell lysis buffer (Qiagen, Hilden, Germany) and homogenized by a rotor-stator knife (Ultra-Turrax T8, IKA® Werke, Staufen, Germany). Total RNA was then extracted using the RNeasy Mini Kit according to the manufacturer's instruction (Qiagen). Finally, a DNase digestion step (DNase I; Promega, Madison, WI, USA) with incubation at 37°C for 30 min was done to remove traces of chromosomal DNA. Samples with A260/A280 ratio ≥1.8 were used for qPCR. Complementary DNA (cDNA) synthesis was performed on 1-5 μg of total RNA using oligo dT primers and Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA).
mRNA expression for rat ghrelin (Ghrl); gastrin (Gast); somatostatin (Sst); their respective receptors GhsR, CckbR, and SstR2; and also inducible nitric oxide synthase (NOS2) expression were analyzed using qPCR with an ABI 7300 PCR System (Applied Biosystems, Foster City, CA, USA) or a CFX96 Real-Time System (Bio-Rad Labs, Hercules, CA, USA) using ready-made gene-specific primers and TaqMan probe mixes (gene expression assay nos. Rn01644838, Rn00561967, Rn00572319, Rn00561646, Rn00565867, Rn00583419, and Rn00571116; all from Applied Biosystems). Each reaction was normalized against the expression of hypoxanthine phosphoribosyl transferase 1 (HPRT1; gene expression assay no. Rn01527840 (Applied Biosystems)) as internal control. See Table 1 for details. cDNA subjected to qPCR was performed in 25 μL reaction volumes with 20× TaqMan universal PCR master mix (Applied Biosystems). Amplification was carried out at 50°C for 2 min, 95°C for 10 min, 45 cycles of 95°C for 15 s, and 60°C for 1 min. All samples were analyzed in triplicate for each transcript. Serial dilutions of a mix of all cDNAs were amplified to generate standard curves for the threshold cycles (C t ) of each mRNA transcript, as well as to determine the levels of expression in the samples by comparison. Raw C t values were recalculated with REST software (Pfaffl et al. 2002) to obtain the relative expression of mRNA in each treatment group relative to the appropriate control. Data are presented as fold changes in arbitrary units relative to the mean of the control samples.
Data analysis and statistical analysis
Bravo capsule pH data was analyzed with POLYGRAM NET™ (pH Testing Application software, SynMed Medicinteknik, Spånga, Sweden), calculating changes in pH relative baseline (defined as 0.5 h before onset). Ulcer indexes were compared by Kruskal-Wallis test. Plasma hormone concentrations were compared using Mann-Whitney test. Figure 1 shows representative photographs depicting gastroprotection by YF476. Figure 1c and d show that YF476 and esomeprazole similarly protected the gastric mucosa from diclofenac-induced ulceration compared to control (Fig. 1a) . Ulcer index was quantified from these photographs (Fig. 1e,  n08) . Compared with controls (79±14 mm), YF476 (4.8± 2.4 mm; P<0.001), and esomeprazole (5.4±1.1 mm; P<0.01) dramatically reduced the ulcer index.
Results
YF476 gastroprotection from diclofenac-induced ulcers
Intragastric pH elevated by YF476 in the presence of pentagastrin Figure 2 illustrates pH during 120 h (5 days) of pentagastrin IV. In controls, mean 24 h pH across 5 days (n05 days) was 1.83±0.06. In the YF476-treated group, mean 24 h pH was significantly higher at 3.67±0.09 (p<0.001). This effect was seen on all 5 days, with daytime peak pH in the YF476-treated group reaching between pH 4 and 5, that is, 2-3 logs above controls. There was no significant difference in the temporal profile of diurnal pH (9 am to 3 pm and 3 pm to 9 am) when YF476 was given, except that pH was maintained at a higher level with YF476.
YF476 effects on hormone concentrations and gene expressions in the presence of pentagastrin Data in Figs. 3 and 4 are matched results for the same rats in the presence of pentagastrin. Figure 3 shows YF476 treatment increased plasma ghrelin 2.6-fold (P<0.05), gastrin ). All treatments given by gavage. e Quantification of ulcer index indicating a statistically significant protective effect of YF476 of comparable magnitude as esomeprazole. Bars represent means (**P<0.01, ***P<0.001, n08) 9.1-fold (P<0.01), and somatostatin 6.2-fold (P<0.01). Following YF476 treatment (Fig. 4) , mRNA expression of Gast gene increased 40.9-fold (P<0.05) and SstR2 gene increased 9.9-fold (P<0.01), while GhsR decreased (20.3-fold (P<0.05). Expression of Ghrl, Sst, and CckbR in the stomach did not change after YF476.
Gene expression with YF476 and diclofenac
Results are shown in Fig. 5 for acute (4 h) conditions. Relative to untreated controls, diclofenac did not change gene expression of any of the hormones or their receptors. Esomeprazole increased expression of all transcripts measured (P<0.05 or P<0.01 as indicated), while YF476 only yielded decreased expression of CckbR (81.7-fold, P<0.01) compared to controls. When compared to the diclofenac group without additional treatment, added esomeprazole increased expression of CckbR, SstR2, ghrelin, and NOS2 genes, while YF476 decreased expression of CckbR 34-fold (P<0.05) and increased expression of NOS2 35-fold (P<0.01). Hence, in the acute setting, both esomeprazole and YF476 induced overexpression of the NOS2 gene.
Discussion
YF476 prevented diclofenac-induced lesions associated with ulceration of the gastric mucosa equal to esomeprazole. Directly blocking gastrin through CCK-2R antagonism may offer clinically relevant advantages such as preventing hypergastrinemia induced ECL cell hyperplasia and potentially adverse downstream paracrine signaling cascades (Dimaline and Varro 2007) .
The Bravo capsule continuously measures gastric pH in free roaming animals for long periods (Rudholm et al. 2008) . YF476 induced pH changes covering as many as 3 log units during the daytime peaks. While gastric pH does not quantify changes in volume, the magnitude of pH changes seen in this study cannot be explained as mere changes in volume. Further, while the alternative of total hydrogen collected over time is a more exact readout of acid suppression, it is not applicable to continuous monitoring in free roaming animals over extended periods.
As expected, YF476 caused a significant increase in gastric pH in rats stimulated with intravenous pentagastrin, consistent with inhibition of gastric acid secretion by parietal cells. Onset was rapid and persisted throughout 5 days. These results are compatible with those of others showing that the effect of YF476 and another CCK-2R antagonist, YM022, persist even after chronic dosing up to 8 weeks in the rat Kitano et al. 2000) . The CCK-2R antagonist JNJ-26070109 also prevents PPI (omeprazole) induced acid rebound in the rat (Barrett et al. 2012) . Hence, persistent acid inhibition with repeated dosing over considerable time is a general and reproducible property of CCK-2R antagonists.
The increased plasma gastrin following YF476 treatment seen in this study confirms several studies (e.g., Ding et al. 1997; Chen et al. 2000; Kitano et al. 2000; Cui et al. 2006) . Such increases in gastrin are understood to be secondary to , IV) compared to controls (*P<0.05, **P<0.01, n06). Data expressed as mean±SEM acid suppression. Our study shows that components of the other two pathways regulating gastric pH (i.e., somatostatin and ghrelin) parallel gastrin.
The mechanism by which YF476 affects gene expression has yet to be studied, but from the present data, it can be concluded that since gene expression differed so markedly between esomeprazole and YF476, pH alone is insufficient to explain all the changes. The differences must be accounted for through selective intracellular signaling through the respective receptors.
The NOS2 mRNA expression results, reflecting iNOS protein synthesis and NO production, were surprising to us in the case of the acute setting. To our knowledge, diclofenac does not increase gastric pH (Alioth et al. 1993 ) and diclofenac, on its own, was also not seen to acutely increase NOS2 expression despite clearly evident lesions. Yet, both esomeprazole and YF476, which predictably raise pH, albeit by different signaling mechanisms, induced overexpression of NOS2 where gastric lesions had never evolved. This implies that elevated gastric pH increases NOS2 expression ) was administered 1 h later. An additional vehicle pretreatment group received a second administration of vehicle (NaCl+NaCl, negative control). All treatments were given by gavage. After 4 h, animals were sacrificed. The values are relative to mean of respective controls. Rats are the same as in Fig. 1 , where ulcer index was quantified. Bar indicates mean value (*P<0.05, **P<0. 01, n06) in the absence of tissue injury that would otherwise be associated with inflammation. Our data is in agreement with previous studies indicating a pH-dependent NO production as shown in hepatocellular damage in the rat (Shu et al. 1997) . This offers important mechanistic insights into how these drugs prevent NSAID induced ulcers.
Gastric pH and NO are connected through non-NOSdependent mechanisms in the lumen; hydrogen ions in the gastric lumen are required for nonenzymatic reduction of ingested nitrate to NO (Lundberg et al. 2008) . It is noteworthy that in this study, NOS2 overexpression in response to acute YF476 and esomeprazole, favoring NO production in tissue, increased with increased gastric pH, a condition under which non-NOS-dependent mechanisms in the gastric lumen disfavor NO production. There may exist a direct antagonistic coupling between gastric pH, iNOS expression, and NO production between the non-NOS-dependent and NOS-dependent pathways. The present results speak in favor of an acute aciddependent NO regulatory mechanism in the stomach that enforces NO levels. Evidence for such a tight coupling can be seen in data published by others (e.g., Takeuchi et al. 1999; Tatemichi et al. 2003) . It is noteworthy that this effect, while seen consistently in acute (4 h) experiments, was not sustained in most cases after 5 days of YF476 treatment, suggestive of a desensitizing mechanism or isoform switching of NOS, which is known to occur (Yoshizumi et al. 1993; Vo et al. 2005) , although the physiological meaning of this is not understood. The other NOS isoforms were not studied here because they are not generally regarded to be tightly coupled to inflammation, which was of more immediate interest in the context of preventive action against NSAID mediated gastric lesions.
With the exception of Ghrl, the mRNA expression of the three regulatory peptides and their receptors differed markedly between acute and chronic YF476 treatment. It is clear YF476 had a very similar effect on pH at 4 h and 5 days. Diclofenac did not acutely affect mRNA expression of any of the genes in this study. It seems YF476 treatment results in different mRNA expressions that depend on the duration of treatment.
As regards the use of a CCK-2R antagonist in treating acid-related disorders, it would be of interest to investigate whether the putative mucosal antitrophic actions of receptor antagonism (Håkanson et al. 1994; Koh and Chen 2000) would outweigh the acid suppression aspect in healing gastric ulcers. Diclofenac did not acutely affect mRNA expression of any of the genes in this study. Chronic YF476 treatment apparently results in a transition in mRNA expressions relative to what is obtained during acute treatment.
In the organ bath system, gastrin has been shown to induce contractions in about one-third of human muscle strips (Bennett et al. 1967) . It has been seen in this lab that YF476 gives relaxation in one-third of gastrin pretreated human colon circular muscle strips. The presence/absence of response differed by patient with strong reproducibility between strips from the same preparation (Halim et al., to be published). In examining the distribution of changes in gastric gene expression in response to acute YF476, cluster analysis revealed two separable sets of responders with this same frequency distribution. For instance, the strongest expressions for each of the genes in Fig. 4 were from the same rat. Similarly, the weakest expressions were traced to one other rat. YF476 is now being applied to explore heterogeneity in changes in gene activation and responses in the organ bath system.
In conclusion, YF476 prevents NSAID-induced gastric ulceration as effectively as esomeprazole and inhibits pentagastrin-stimulated gastric acid secretion. Expression of NOS2, and by extension iNOS, parallels acid suppression regardless of which pathway is acted upon to raise pH. YF476 is a potential new preventative treatment for patients at risk of NSAID-induced ulceration and is now being applied to in situ research.
